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Neurological manifestations of Lyme disease in humans are attributed in part to penetration of the
blood-brain barrier (BBB) and invasion of the central nervous system (CNS) by Borrelia burgdorferi. However,
how the spirochetes cross the BBB remains an unresolved issue. We examined the traversal of B. burgdorferi
across the human BBB and systemic endothelial cell barriers using in vitro model systems constructed of
human brain microvascular endothelial cells (BMEC) and EA.hy 926, a human umbilical vein endothelial cell
(HUVEC) line grown on Costar Transwell inserts. These studies showed that B. burgdorferi differentially
crosses human BMEC and HUVEC and that the human BMEC form a barrier to traversal. During the
transmigration by the spirochetes, it was found that the integrity of the endothelial cell monolayers was
maintained, as assessed by transendothelial electrical resistance measurements at the end of the experimental
period, and that B. burgdorferi appeared to bind human BMEC by their tips near or at cell borders, suggesting
a paracellular route of transmigration. Importantly, traversal of B. burgdorferi across human BMEC induces
the expression of plasminogen activators, plasminogen activator receptors, and matrix metalloproteinases.
Thus, the fibrinolytic system linked by an activation cascade may lead to focal and transient degradation of

tight junction proteins that allows B. burgdorferi to invade the CNS.

Lyme disease is a tick-borne bacterial infection caused by
the spirochete Borrelia burgdorferi (82). The bacteria, which are
transmitted to humans by the bite of infected ticks belonging to
the Ixodes persulcatus complex, can infect a multitude of tissue
sites, including the skin, heart, and joints, in addition to the
peripheral nervous system and the central nervous system
(CNS), including the eyes (30, 31, 39, 82). Some of the neuro-
logical manifestations of Lyme disease (or neuroborreliosis)
that occur in 10 to 40% (depending on the study) of clinical
infections (60, 75, 83, 93) include meningitis, cranial neuritis,
and radiculoneuritis (82); if left untreated, these manifesta-
tions can lead to a variety of syndromes, such as musculoskel-
etal pain, cognitive impairment, radicular pain, paresthesias,
dysesthesias, profound fatigue, polyradiculoneuropathy, and
encephalopathy (23, 39, 48, 56, 64, 71, 76, 77). Lyme-associated
parkinsonism (6) and hemorrhagic stroke (79) have also been
reported to be manifestations of Lyme disease; however, the
implications of these findings are still unclear. However, al-
though there is evidence that B. burgdorferi may enter the CNS
early after infection (22, 24), it is not clear how B. burgdorferi
is able to invade the CNS.

To infect the brain, the circulating spirochetes must first
cross the blood-brain barrier (BBB). This barrier is composed
of tightly apposed brain microvascular endothelial cells

* Corresponding author. Mailing address: Department of Pediatrics,
The Johns Hopkins University School of Medicine, Park Building,
Room 256, 600 North Wolfe Street, Baltimore, MD 21287. Phone:
(410) 614-3917. Fax: (410) 614-3928. E-mail: dgrab@jhmi.edu.

1014

(BMEC) held together by tight junctions. BMEC differ from
systemic vascular endothelial cells in several important ways (3,
44, 45, 78). Besides being continuous and joined by tight junc-
tions, BMEC display a high endothelial electrical resistance
and have few endocytic vesicles. While the barrier contains
transport systems for the passage of certain substances (e.g.,
glucose, essential amino acids, and certain macromolecules
like transferrin), it denies access to many other compounds,
including many drugs and pathogens. In contrast, systemic
endothelial cells are either discontinuous or fenestrated (e.g.,
cells in the liver), display low electrical resistance, allow free
exchange of proteins and nutrients, and are often easily pen-
etrated by pathogens. Besides proteins normally associated
with epithelial cell tight junctions, BMEC also express novel
cell surface glycoproteins that are not expressed on other en-
dothelial cells (72) and other unique molecules, such as the
cerebral cell adhesion molecule, LK48 (an expressed sequence
tag), BBB-specific anion transporter 1, and angiogenic factors
like VEGF, follistatin, FGF-1, and FGF-5, as well as CXC
chemokines with ELR motifs like ENA-78 and GRO-« (40, 52,
58, 59, 81).

Several bacteria express their own proteases that digest the
extracellular matrix in order to invade tissues, but other bac-
teria, like B. burgdorferi, appear to utilize the fibrinolytic sys-
tem of the host to disseminate (49). B. burgdorferi has been
shown to bind and stabilize plasminogen (9, 19, 47). B. burg-
dorferi (8, 25) and Borrelia crocidurae (63) spirochetes use the
fibrinolytic system to disseminate into host tissues, including
the brain. At the same time B. burgdorferi induces the expres-
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sion and secretion of the urokinase-type plasminogen activator
(uPA) and expression of the uPA receptor (uPAR) by a variety
of cell types, including monocytes (10, 12). As the fibrinolytic
system can directly digest components of the extracellular ma-
trix (11), it can also activate other proteases, including matrix
metalloproteinases (MMPs). Not only do these enzymes nat-
urally occur in the blood circulation, but they are also ex-
pressed as a result of the interaction between host cells and B.
burgdorferi. There have been several reports showing that as-
trocytes (69), chondrocytes (33, 53), and monocytes (26, 27)
express MMPs in response to B. burgdorferi. These reports
have also shown that the interaction of B. burgdorferi with host
cells leads to the activation of plasminogen that activates these
MMPs, thus facilitating the degradation of the extracellular
matrix.

In vitro models of the BBB have clearly become important
tools for identifying the cellular and molecular elements that
could be targets for intervention for the transmigration of
many pathogens into the CNS (43, 45, 92, 96). Because in vivo
experiments in humans are difficult or impossible, an in vitro
model of the BBB is essential if we are to understand how B.
burgdorferi crosses the human BMEC that comprise the func-
tional unit of the BBB. Using an extensively tested in vitro
model, we examined how Lyme disease spirochetes transverse
the human BBB.

MATERIALS AND METHODS

Materials and biochemicals. Transwell tissue culture inserts (diameter, 6.5
mm; pore size, 3.0 um) and 24-well plates were purchased from Corning Costar
Corp. (Corning, N.Y.). Spectrozyme PL (H-p-norleucylhexahydrotyrosyl-lysine-
p-nitroanilide diacetate salt) and human urokinase were obtained from Ameri-
can Diagnostica (Greenwich, Conn.). PKH67 green fluorescent cell linker kits
for general cell membrane labeling, plasminogen, rabbit serum, a,-antiplasmin,
and e-aminocaproic acid (EACA) were obtained from Sigma (St. Louis, Mo.).
BB-94 (batimastat; British Biotech) was purchased from British Biotech, and
BSK-II medium containing 10% rabbit serum was made as described by Barbour
(1). Anti-MMP-1 antiserum was obtained from Calbiochem (La Jolla, Calif.),
and medium 199, Dulbecco modified Eagle medium (DMEM), and Ham’s F-12
medium were obtained from Invitrogen (Carlsbad, Calif.). Heat-inactivated fetal
bovine serum was obtained from HyClone (Logan, Utah) or Omega (Irvine,
Calif.). Mouse anti-human ZO-1 was obtained from Zymed (San Diego, Calif.),
fluorescein isothiocyanate-conjugated mouse anti-human P-glycoprotein was ob-
tained from BD PharMingen (San Diego, Calif.), and rabbit polyclonal antibody
against factor VIII-Rag was purchased from Dako (Carpinteria, Calif.).

Human BBB model. The human BMEC primary cell cultures that were used
in this study have been described previously (70, 85, 86). After nonendothelial
markers, such as glial fibrillary acidic protein for astrocytes, smooth muscle actin
to identify pericytes, galactocerebroside C for oligoglia, cytokeratin for epithelial
cells, and macrophage antigens for microglia, were studied, fluorescence-acti-
vated cell sorting-sorted human BMEC were found to be >99% pure (70, 85,
86).

Because the morphological characteristics of human BMEC are known to be
passage dependent, we used a cell line whose phenotypic expression was stabi-
lized by immortalizing the cells with pSVT, a pBR322-based plasmid containing
a DNA sequence encoding the simian virus 40 large-T antigen (86). Similar to
the primary human BMEC cell line from which they were derived, the trans-
fected human BMEC are positive for FVIII-Rag, carbonic anhydrase IV, and
Ulex europaeus agglutinin I, take up acetylated low-density lipoprotein, and
express gamma-glutamyl transpeptidase (85, 86). In response to tumor necrosis
factor alpha, ICAM-1 expression on the apical side of the human BMEC indi-
cates that our monolayers are polarized, in agreement with data from Dorovini-
Zis and colleagues (14). As determined by fluorescence-activated cell sorting
analysis, transfected human BMEC are also positive for the drug-transporting
(or mdr1-type) P-glycoprotein (Fig. 1A) known to be present in endothelial cells
that form the BBB (21, 80). In addition, protease-activated receptors 1, 2, 3, and
4 (46) and tight junctional proteins, such as ZO-1, are also expressed (Fig. 1B)
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FIG. 1. Human BMEC in vitro express P-glycoprotein and tight
junctional proteins. (A) Confluent and subconfluent human BMEC
monolayers were lifted with EDTA. The cells were fixed with 2%
paraformaldehyde in PBS for 30 min, permeabilized with PBS con-
taining 0.01% Triton X-100, and quenched with 10 mM glycine-PBS.
After blocking with 10% normal goat serum, the cells were incubated
with fluorescein isothiocyanate-labeled mouse anti-P-glycoprotein
monoclonal antibody and rabbit anti-factor VIII-Rag polyclonal anti-
body, followed by secondary antibody coupled to phycoerythrin. Anal-
ysis was done by using a FACScan and the CellQuest software (Becton
Dickinson, San Jose, Calif.). The percentages of gated human BMEC
positive for both factor VIII-Rag and P-glycoprotein are shown.
(B) Human BMEC monolayers were fixed with 4% paraformaldehyde,
permeabilized with 0.5% Triton X-100, and stained with anti-human
Z0-1 monoclonal antibody. The presence of ZO-1 was visualized with
Alexa 488-conjugated secondary antibody. Differential interference
contrast (left panel) and fluorescence (right panel) images of human
BMEC showed that ZO-1 is expressed at the cell junctions. Magnifi-
cation, X400.

(29). P-selectin expression but not E-selectin expression is induced by tumor
necrosis factor alpha (7). The high transendothelial electrical resistance (TEER)
of human BMEC relative to that of nonbrain endothelial cells is dependent on
the clone and isolation (56, 62, 97). To create in vitro models of the human BBB,
transfected human BMEC are seeded on top of Transwell tissue culture inserts
that have been coated with type I collagen. After confluence is reached, this in
vitro model of the BBB allows separate access to the upper compartment (blood
side) and the lower compartment (brain side) (70).

The limited number of other bacteria that are CNS-tropic (i.e., extracellular
Streptococcus pneumoniae, Neisseria meningitidis, Haemophilus influenzae, Esch-
erichia coli K1, and group B Streptococcus and intracellular [within macrophages]
Mycobacterium tuberculosis and Listeria monocytogenes) suggests that these bac-
teria have very specific attributes (61). Our in vitro model of the human BBB has
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been extensively used to examine how bacteria (E. coli, group B Streptococcus, S.
pneumoniae, Citrobacter sp.), monocytes, viruses (human immunodeficiency vi-
rus), fungi (Candida albicans) (17, 28, 32, 36, 37, 38, 55, 62, 70, 74, 84, 87), and,
more recently, African trypanosomes (Trypanosoma brucei gambiense and T.
brucei brucei) (29) and Ehrlichia chaffeensis-infected monocytes (66) cross the
BBB. A common feature of these studies is that one cannot extrapolate data
concerning pathogen penetration of the BBB from experimental data based on
nonbrain vascular endothelial cell models. For example, the E. coli K1 strain
responsible for at least 80% of E. coli meningitis cases binds and invades BMEC
but not endothelial cells of nonbrain origin, a process that requires the contri-
bution of the cnf-1, ompA, ibeA, ibeB, and yijP genes (36, 45). This model has
unique potential for exploring how Lyme disease spirochetes cross the BBB.

Nonbrain endothelial cells. EA.hy926 cells, derived by fusion of A549 cells
with human umbilical vein endothelial cells (HUVEC) and frequently used as a
model of systemic endothelial cell barriers (2, 15), are grown in high-glucose (4.5
g/liter) DMEM (GIBCO) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and 1X HT supplement (GIBCO) and are seeded on top of
Transwell tissue culture inserts as described above.

Spirochetes. Low-passage (less than five in vitro passages) B. burgdorferi was
routinely cultured at 34°C in BSK-II medium containing 10% rabbit serum as
described by Barbour (1). In our studies we used B. burgdorferi 297, a strain which
was originally isolated from human cerebrospinal fluid (54), and B. burgdorferi
N40, a strain that has the ability to enter the CNS of the mouse (65) and
nonhuman primates (5, 16). The bacteria were examined with a dark-field mi-
croscope to verify viability and that the organisms were thoroughly dispersed at
the start of all assays. In some experiments the spirochetes were fluorescently
tagged with the cell tracker dye PKH67 used according to the manufacturer’s
instructions (Sigma) (29).

Incubation of human BMEC and HUVEC with Lyme disease spirochetes.
Transfected human BMEC (isolate XIII) (86) were maintained in medium 199
supplemented with 10% heat-inactivated FBS. The cells were grown to conflu-
ence on 6.5-mm-diameter collagen-coated Costar Transwell inserts with a pore
size of 3.0 wm. Prior to the experiments, the BMEC were equilibrated for several
hours in experimental medium consisting of 1 part of medium 199 and 1 part of
Ham’s F-12 medium supplemented with 20% heat-inactivated FBS. To deter-
mine the ability of B. burgdorferi to cross our in vitro BBB model, spirochetes in
the exponential phase of growth (approximately 107 spirochetes/ml) were cen-
trifuged, washed, and resuspended in experimental medium. After this, 10° to
107 spirochetes were added to BMEC- or HUVEC-coated Transwell inserts (the
upper compartment mimicking the blood side) in our in vitro human BBB model.
As controls and to measure the ability of viable spirochetes to cross the inserts
without the endothelial barriers, spirochetes were added to Transwell inserts
without BMEC or HUVEC. The samples (containing 200 pl of medium in the
inserts and 1 ml of medium in the wells) were incubated at 37°C in 5% CO,-95%
air in a humidified environment. Aliquots were removed from the wells beneath
the inserts (the bottom compartment mimicking the brain side) at selected times.
The number of spirochetes that traversed the inserts, as determined by dark-field
microscopy with a hemocytometer or by real-time PCR, was compared to the
total number of bacteria present in the assay at the times studied. The spiro-
chetes were counted in thin 10-sample disposable hemocytomter slides with nine
independent counting areas per sample (Kova Glassitic Slide 10 with grids;
Hycor Biomedical Ltd., Penicuik, United Kingdom) that were mounted so that
the coverslip side was facing the dark-field condenser. Spirochete concentrations
that were =5 X 10° cells/ml could be reliably counted in this manner. Each
sample was assayed in triplicate, and the data were expressed as the means *
standard errors of the means. The viability of the spirochetes at the end of the
experiment was unchanged, as determined by bacterial motility.

Real-time PCR. In some experiments, we determined the quantity of the starting
B. burgdorferi in the transmigrated medium by using a real-time PCR protocol
based on the single-copy B. burgdorferi sensu stricto gene fla (51) and primers
B.398f (GGGAAGCAGATTTGTTTGACA) and B.484r (ATAGAGCAACTT
ACAGACGAAATTAATAGA) with the fluorescent probe B.421p (6-carboxy-
fluorescein~ATGTGCATTTGGTTATATTGAGCTTGATCAGCAA-6-carboxy-
tetramethylrhodamine). Analyses were conducted with a TagMan 7700 instrument
(ABI Biosystems, Foster City, Calif.).

Measurement of BMEC barrier function by TEER. To assess the integrity of
the human BMEC monolayers grown on the inserts, we determined the TEER
of the BMEC monolayers using an Endohm Chamber coupled to an EVOM
meter (World Precision Instruments Inc., Sarasota, Fla.). Although TEER is
often expressed in ohms per square centimeter (e.g., for human BMEC, >300
Q/cm?), because resistance is inversely proportional to unit area, the unit area
resistance was obtained by multiplying the EVOM meter readings by the effec-
tive surface area of the Transwell filter membranes, a value that was independent
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of the area of the membrane used (as recommended in the World Precision
Instruments manual [95]). Using this system with 6.5-mm-diameter inserts, we
calculated that intact human BMEC monolayers had TEER values of >25 () X
cm? {[resistance (in ohms) of the inserts with human BMEC — resistance (in
ohms) of the inserts alone] X 0.33 cm?}, which were comparable to the values for
epithelial cells grown on inserts (58, 59). For comparison, the TEER values for
nonbrain vascular endothelium (i.e., HUVEC) measured in the same way were
much lower (<12 Q X cm? when cells were confluent).

Role of plasminogen and MMP in traversal of human BMEC by spirochetes.
To understand whether plasminogen can contribute to the traversal of human
BMEC, we examined the ability of B. burgdorferi to cross our BBB model in the
presence or absence of plasminogen (1 pg/ml) under serum-deprived conditions.
Human BMEC were grown on Transwell inserts until they reached confluence,
as judged by the increase in TEER (>25 Q X cm?). The medium in the upper
chamber was replaced with serum-free DMEM—F-12 medium, whereas the
medium in the bottom chamber was replaced with DMEM—F-12 medium con-
taining 10% FCS as a chemoattractant. After overnight incubation, 107 low-
serum-concentration-adapted B. burgdorferi N40 cells were added to the top
chamber, and the quantity of spirochetes crossing to the bottom chamber was
determined by dark-field microscopy. In some experiments, cell culture super-
natants were harvested and tested by immunoblot analysis with MMP-specific
antibodies.

uPA expression in human BMEC. To determine the ability of B. burgdorferi to
induce uPA expression, 10* human BMEC were seeded into 96-well plates and
cultured to confluence. Increasing amounts of B. burgdorferi N40 (10, 10%, and
10° cells) in DMEM—F-12 medium were added to the human BMEC-coated
wells, and the cocultures were incubated at 37°C for 24 h. The supernatants were
harvested, and 1 pg of human plasminogen per ml was added along with 5 mM
Spectrozyme PL, a plasmin substrate. Digestion of Spectrozyme PL by plasmin
releases p-nitroanilide that absorbs at 405 nm. Absorbance readings were deter-
mined at the ambient temperature at zero time and 3 h.

Expression of uPAR by human BMEC. To determine whether human BMEC
express receptors for plasminogen activator, confluent cultures of BMEC grown
in 96-well plates were incubated at 37°C for 24 h with 0 to 10° B. burgdorferi N40
cells in DMEM—F-12 medium. The human BMEC were then washed three
times with DMEM—F-12 medium and incubated with 0 or 125 U of human
urokinase per ml for 1 h at 37°C in 100 pl of DMEM—F-12 medium. Human
plasminogen (1 pg/ml in 200 wl of Tris-buffered saline) and Spectrozyme PL
were added after the wells were washed three times with 100 pl of DMEM—F-12
medium. Absorbance readings were determined at the ambient temperature at
zero time and 3 h.

Visualization of the interaction of B. burgdorferi with human BMEC. B. burg-
dorferi 297 prelabeled with PKH67 according to the manufacturer’s instructions
was incubated with human BMEC grown on collagen-coated glass coverslips.
After 4 h of incubation, the samples were washed several times to remove
unbound spirochetes prior to fixation with 4% paraformaldehyde in phosphate-
buffered saline (PBS) (pH 7.2). After fixation, the samples were again washed
with PBS, and the bound spirochetes were observed by phase-contrast and
fluorescence microscopy.

Statistical analysis. Statistical evaluations were conducted by using paired or
unpaired one-tailed Student ¢ tests; P values of <0.05 were considered signifi-
cant.

RESULTS

B. burgdorferi crosses the human BMEC in vitro. In two
separate experiments, by 5 h approximately 0.012% of the
spirochetes had crossed the human BMEC barrier (Fig. 2A).
In the absence of any human BMEC, approximately 10 times
more spirochetes (~0.15% of the spirochetes added) migrated
into the lower chamber of a Transwell insert (Fig. 2A, inset).
To determine if the presence of B. burgdorferi compromised
the integrity of the human BMEC monolayers, we determined
the TEER of the BMEC monolayers. In the presence of B.
burgdorferi 297 there were no major changes in the TEER
(>40 Q x cm?) compared to the controls, indicating that the
integrity of the BMEC monolayer was essentially maintained
at 5 h (Fig. 2B).
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FIG. 2. In vitro model for B. burgdodrferi 297 crossing the human
BBB. A total of 107 B. burgdodrferi 297 (Bb) cells were incubated
overnight with human BMEC grown to confluence in Transwell in-
serts. (A) Dark-field microscopy was used to determine the number of
spirochetes that crossed the monolayers. The data from two indepen-
dent experiments with triplicate determinations are expressed as the
percentages of B. burgdorferi (means * standard errors of the means)
that crossed relative to the total number of spirochetes in control wells
without inserts. (Inset) Comparison of B. burgdorferi crossing with
human BMEC (bar +) or without human BMEC (bar —). (B) TEER
expressed as means * standard errors of the means for the experi-
ments shown in panel A. Cont, control.

B. burgdorferi differentially crosses HUVEC and human
BMEC. We also evaluated the ability of B. burgdorferi to cross
both human BMEC and HUVEC barriers. Using 10-fold-
fewer spirochetes than were used in the experiment shown in
Fig. 2, we were unable to detect by dark-field microscopy
spirochete transmigration across human BMEC (Fig. 3A). In-
terestingly, far more spirochetes crossed the HUVEC mono-
layers; 0.27 and 1.79% of the spirochetes had crossed HUVEC
by 5 and 18 h, respectively. As observed in the experiment
described above, in the presence of B. burgdorferi 297 there
were no major changes in the TEER after 18 h of incubation
for human BMEC cells compared to the uninfected controls
(Fig. 3C). This finding indicates that the integrity of the BMEC
monolayers was essentially maintained. However, there was a
small but significant change in the TEER after incubation for
5h (P =0.019) and 18 h (P = 0.017) for the EA.hy926 cell line.

Because we were unable to detect spirochetes by dark-field
microscopy in the bottom chamber for the human BMEC
samples 5 and 18 h after the spirochetes were added to the top
chamber, we reanalyzed the samples from the experiment
shown in Fig. 3A by quantitative real-time PCR to determine
the quantity of B. burgdorferi in the transmigrated medium
(Fig. 3B). No B. burgdorferi was detected crossing human
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BMEC at 5 h, while 1.19% of the cells crossed HUVEC. In
contrast, 21-fold more spirochetes (4.23 versus 0.20%) had
crossed the HUVEC than had crossed the human BMEC after
18 h. We hypothesized that the fact that B. burgdorferi was able
to cross HUVEC far more efficiently than it crossed human
BMEC may have been due in part to the relative differences in
the observed initial monolayer tightness, as reflected in the
TEER; i.e., the spirochetes crossed the less tight EA.hy926
barriers (mean TEER, ~11 X c¢m?) more easily than they
crossed the tighter barrier formed by the human BMEC (mean
TEER, ~28 Q) X cm?). It is of related interest that spirochete
transendothelial migration across HUVEC is facilitated when
the monolayer integrity is altered with EDTA (88).

B. burgdorferi traversal of human BMEC is facilitated by
proteases. It has been shown with monocytes that B. burgdor-
feri can induce the expression of uPA and its receptor (10, 19,
20). Furthermore, several Borrelia species may utilize the fi-
brinolytic system to cross vascular endothelium (9) and for
dissemination (8, 25, 64). To understand whether plasminogen
can contribute to invasion of the CNS, we examined the tra-
versal of B. burgdorferi across our BBB model in the presence
and absence of plasminogen under serum-deprived conditions.
B. burgdorferi strain N40 was used for this part of the study, as
this strain survives in low-serum culture conditions. The spiro-
chetes (107 B. burgdorferi N40 cells) were incubated for 18 h
with a confluent human BMEC monolayer grown in Transwell
inserts. While only 0.4% * 0.1% of the spirochetes traversed
the BBB without added plasminogen, when 1 pg of plasmin-
ogen per ml was added in the top chamber, there was a dra-
matic increase in spirochete traversal of human BMEC (5.6%
* 0.7%).

To determine whether the interaction of B. burgdorferi N40
with human BMEC can also lead to plasminogen activation,
human BMEC monolayers were incubated with B. burgdorferi
overnight at 37°C. The supernatant was collected, and its abil-
ity to activate human plasminogen was assessed with spec-
trozyme PL as a substrate. The supernatant of B. burgdorferi
cultures alone was unable to activate plasminogen. However,
the supernatants from the cocultures were able to activate
plasminogen in a dose-dependent manner up to 3.3 times more
efficiently than control human BMEC activated plasminogen
(Fig. 4A). To determine whether the ability to activate plas-
minogen was present not only in the supernatant but also on
the surface of the human BMEC, the cultures were washed,
exogenous human uPA was added for 30 min, and the cultures
were washed again. After adding exogenous human plasmino-
gen and spectrozyme PL, we found that cells preincubated with
B. burgdorferi were able to activate plasminogen 6.5-fold more
efficiently than control human BMEC were able to activate
plasminogen (Fig. 4B). These results suggest that B. burgdorferi
not only induces the expression of a plasminogen activator but
also induces the expression of a plasminogen activator recep-
tor, presumably uPAR.

To ensure that this increase in spirochete crossing of the
BBB was due to plasminogen, we examined the traversal of B.
burgdorferi N40 across the BBB model in the presence of plas-
min and MMP inhibitors. As shown in Fig. 5, traversal of
spirochetes across the human BMEC was inhibited by 63% =
5.6% in the presence of 50 nM BB-94, a broad-specificity
matrix metalloproteinase inhibitor. Similarly, EACA (200 pM)
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FIG. 3. B. burgdorferi differentially crosses human BMEC and HUVEC (EA.hy926) monolayers. A total of 10° B. burgdodrferi 297 (Bb) cells
were incubated overnight with human BMEC or HUVEC (EAhy.926) grown to confluence in Transwell inserts. (A) Dark-field microscopy was
used to determine the number of spirochetes that crossed human BMEC or HUVEC monolayers. (B) Real-time PCR based on the single-copy
B. burgdorferi sensu stricto fla gene (50) was used to determine the number of spirochetes that crossed human BMEC or HUVEC monolayers in
the experiments whose results are shown in panel A. The data from triplicate determinations are expressed as the percentages of B. burgdorferi
(means * standard errors of the means) that crossed relative to the total number of spirochetes in control wells without inserts. (C) TEER
measured as mean resistance (means * standard errors of the means) for the experiments whose results are shown in panels A and B as described
in Materials and Methods. The P values (as determined by a paired Student’s ¢ test) for the TEER changes in the 5- and 18-h HUVEC samples

were 0.019 and 0.017, respectively (indicated by asterisks). Cont, control.

and a,-antiplasmin (40 pg/ml), both of which are plasmin
inhibitors, reduced traversal by approximately 60%. No further
increase in inhibition was observed when both inhibitors were
present together, indicating that BB-94 and EACA work
through a common pathway. To ensure that this inhibition was
not due to any adverse effect of EACA or BB-94 on spirochete
viability (i.e., motility), we tested whether these two com-
pounds could inhibit the traversal of B. burgdorferi across the
inserts in the absence of human BMEC. The number of spi-
rochetes incubated with BB-94 and/or EACA that crossed was
identical to the number of spirochetes that crossed in the
absence of these inhibitors and in the absence of human
BMEC. These results suggest that the fibrinolytic system and
matrix metalloproteinases participate in B. burgdorferi migra-
tion across the BBB model.

Previous experiments with astrocytes (69), chondrocytes
(33), and endothelial cells (Perides, unpublished data) have
shown that these cells express various MMPs in response to
interaction with B. burgdorferi. To determine whether some of
the known matrix metalloproteinases (MMP-1, -2, or -9) are

expressed in response to the interaction of human BMEC with
B. burgdorferi, we performed zymography and immunoblot
analysis with antibodies raised against MMPs. No induction or
increased expression of MMP-2 or MMP-9 was detected in the
supernatant of human BMEC cultures incubated with B. burg-
dorferi N40 (data not shown). However, when we used MMP-1
antibody, we found that there were significant levels of MMP-1
(interstitial collagenase 1) in the cocultures (Fig. 6). The in-
duction appeared to be dependent on the spirochete/BMEC
ratio.

DISCUSSION

The neurological manifestations of Lyme disease in humans
caused by B. burgdorferi are attributed in part to penetration of
the CNS by spirochetes, yet how the Lyme disease spirochetes
cross the BBB remains an understudied and unresolved issue.
B. burgdorferi freely crosses nonbrain vascular endothelium
(13, 57, 88, 90). Our knowledge concerning how this occurs
stems from in vitro studies that examined the ability of the
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FIG. 4. Plasminogen activation by cocultures of B. burgdorferi and
human BMEC. Human BMEC were grown on 96-well plates until they
reached confluence (approximately 10° cells). The medium was ex-
changed with DMEM—F-12 medium, and the next day increasing
amounts of B. burgdorferi N40 (0, 10%, 10%, 10° cells) were added.
(A) Plasminogen activation by human BMEC in response to spiro-
chete addition. Twenty-four hours after spirochete addition the super-
natants from the cultures were collected and incubated with 1 pg of
human plasminogen per ml and 5 mM Spectrozyme PL. The increase
in absorbance at 405 nm was directly proportional to the amount of
plasmin in a given sample. The error bars indicate the standard devi-
ations based on six experiments performed in duplicate. (B) Binding of
exogenous urokinase-type plasminogen activator to human BMEC
after spirochete addition. The cultures were washed three times with
PBS prior to addition of 125 U of human recombinant uPA per ml.
After a 60-min incubation, the cultures were again washed three times
with PBS. After washing, 200 pl of PBS containing 1 pg of plasmino-
gen per ml was added together with 5 mM Spectrozyme PL. The
increase in the absorbance at 405 nm was determined after 3 h. Note
the increased ability of B. burgdorferi N40 to stimulate human BMEC
binding to uPA and activation of plasminogen compared to control
cultures incubated with spirochetes. The error bars indicate the stan-
dard deviations based on three experiments performed in duplicate.

spirochetes to bind to and cross confluent vascular endothelial
cell monolayers in vitro (13, 57, 88, 90). After the initial bind-
ing event, how the spirochetes cross vascular endothelium
(paracellular versus transcellular) remains controversial. By
using electron microscopy, Comstock and Thomas (13) first
demonstrated that B. burgdorferi spirochetes are able to enter
and translocate across the cytoplasm of HUVEC grown on
polycarbonate filters (Nuclepore inserts), a process that re-
quires intact viable cells and bacteria (13, 57). The spirochetes
were first observed to cross by dark-field microscopy as early as
2 h, and almost 8% of the added bacteria crossed by 4 h (13).
Low-passage B. burgdorferi isolates adhere to HUVEC up to
30-fold more than spirochetes maintained continuously in cul-
ture adhere to HUVEC (88). While adherence to and trans-
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FIG. 5. Role of proteases in B. burgdorferi (Bb) transmigration
across human BMEC. Serum-reduced conditions were used to exam-
ine the role of host proteases in spirochete transmigration across
human BMEC as described in Materials and Methods and the legend
to Fig. 4. The traversal of human BMEC by B. burgdorferi N40 was
examined in the presence of 1 ug of plasminogen per ml. The traversal
of human BMEC by B. burgdorferi N40 with 50 nM BB-94 alone, with
200 uM EACA alone, with both BB-94 and EACA, or with 40 g of
a,-antiplasmin per ml is shown. The results are the averages of two
experiments performed in duplicate. The error bars indicate the stan-
dard deviations.

cellular crossing of endothelial cells is both time and inoculum
dependent (13, 57, 90, 91), not all studies have supported a
transcellular route of crossing. For example, Szczepanski et al.
(88) cited the presence of B. burgdorferi in the intercellular
junctions between endothelial cells, as well as beneath the
monolayers, as evidence that spirochetes actually pass between
the cells. More spirochetes crossed the barrier when the mono-
layers were pretreated with EDTA that was used to lower the
TEER of the endothelial cell barrier (88). It is of related
interest that Treponema pallidum, the causative agent of syph-
ilis, also migrates across endothelial cell monolayers at inter-
cellular junctions (89).

In spite of these investigations of B. burgdorferi-endothelial
cell interactions, no study has been conducted to examine the
interactions of these bacteria with brain microvascular endo-
thelial cells (the functional unit of the BBB), an in vitro BBB
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FIG. 6. MMP-1 expression in response to B. burgdorferi. A total of
10° human BMEC were inoculated with increasing amounts of B.
burgdorferi N40. After 24 h, cell culture supernatants were harvested
and tested by immunoblot analysis with the antibody raised against
MMP-1. Note the increased levels of MMP-1 with the increased num-
bers of B. burgdorferi cells.
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model that has been used to study the transmigration of mono-
cytes, neutrophils, bacteria, fungi, and African trypanosomes
(17, 28, 29, 32, 36, 37, 38, 62, 66, 70, 74). Our data show that B.
burgdorferi spirochetes differentially cross human BMEC and
HUVEC and that the human BMEC form a barrier to tra-
versal by B. burgdorferi. If spirochetes are able to cross human
BMEC as easily as they cross systemic nonbrain endothelium,
one might expect an earlier and/or far higher incidence of CNS
involvement, observations not supported by the clinical find-
ings that have been described. HUVEC lack the tight junc-
tional complex that is key to BMEC’s function as a barrier to
pathogen entry into the brain. From a comparative viewpoint,
it is also interesting that while Szczepanski et al. (88) observed
that =22-fold more low-passage B. burgdorferi than high-pas-
sage spirochetes adhered and crossed HUVEC, we found that
about 21-fold more low-passage Borrelia crossed HUVEC than
crossed human BMEC. This finding also underscores the con-
cept that one cannot extrapolate data concerning B. burgdorferi
penetration of the BBB from experimental data based on non-
brain vascular endothelial cell models.

Many different types of cells produce MMPs, including stro-
mal cells, glandular epithelial cells, and neutrophils, and most
of these cells also express inhibitors of MMPs called tissue
inhibitors of metalloproteinases (41, 67, 73, 94). All MMPs
(except membrane-type MMPs) are secreted in proenzyme
forms and require proteolytic cleavage at the N terminus for
activation. The activation cascade for MMPs in the healthy
host is closely tied to the fibrinolytic pathway. Plasmin can
activate many MMPs, including MMP-1 (interstitial collage-
nase) and MMP-3 (stromelysin). Activated MMP-3 is believed
to be the major physiological activator of most MMPs (49).
While regulation of MMP production in normal cells is tightly
controlled and occurs at many levels, dysregulation of MMPs
(due to increased transcription of MMPs, up-regulation of
plasminogen activators, and often down-regulation of inhibi-
tors such as tissue inhibitors of metalloproteinases and plas-
minogen activator inhibitors [PAI-1 and PAI-2]) is often asso-
ciated with disease.

It has been shown (68) that the enzymatic activity of human
plasmin, which is highly unstable in solution, can be stabilized
by the presence of B. burgdorferi. It has also been shown that
plasminogen bound to the surface of a spirochete can be acti-
vated to plasmin by uPA (34), and binding to B. burgdorferi
appears to protect the enzyme from autodigestion, as well as
from inhibition by its natural inhibitor, «,-antiplasmin (9, 6, 8).
The plasminogen binding protein has been isolated, se-
quenced, and expressed (35), and it stabilizes plasmin in ani-
mals and humans with Lyme disease (34). In fact, Benach and
coworkers have shown that plasminogen plays a role in the in
vitro migration of B. burgdorferi through HUVEC monolayers
and that plasminogen facilitates infection of mice and ticks by
B. burgdorferi (8, 9). Interestingly, under normal growth con-
ditions, human BMEC express (i) serine or cysteine proteinase
inhibitor clade E (nexin, plasminogen activator inhibitor type
1), (ii) plasminogen activator urokinase, (iii) urokinase-type
plasminogen activator receptor, and (iv) soluble urokinase
plasminogen activator receptor precursor genes (Francescopa-
olo Di Cello, Department of Pediatrics, Johns Hopkins Uni-
versity School of Medicine, personal communication).

B. burgdorferi can also induce MMP expression by neural

INFECT. IMMUN.

cells, cartilage explants, and chondrocytes (33, 69). When such
cells are incubated with B. burgdorferi, they express and secrete
in a dose-dependent manner several MMPs, including MMP-1,
MMP-3, and MMP-9, as well as proteolytic activity associated
with ADAM-TS4 and ADAM-TS11 (33, 53, 69). Using acti-
nomycin D to inhibit RNA transcription, we determined by
reverse transcriptase PCR that MMP induction is transcrip-
tionally regulated (69).

To understand whether proteases play a role in penetration
of the BBB, we examined the roles of plasminogen and MMPs.
To minimize the effects of natural inhibitors of proteolytic
activity in serum, the addition of plasminogen under reduced
serum conditions dramatically enhanced spirochete crossing of
the human BMEC. This effect was significantly reduced in the
presence of either MMP or plasmin inhibitors that appear to
function through a common pathway. In addition, we showed
that B. burgdorferi also induces the expression of a plasminogen
activator, as well as the expression of a plasminogen activator
receptor, presumably uPAR. Interestingly, while no induction
or increased expression of MMP-2 or MMP-9 was detected in
the supernatants of cultures of BMEC incubated with B. burg-
dorferi, there were significant levels of MMP-1 in these cocul-
tures, and the induction appeared to be dependent on the
spirochete/BMEC ratio. These results suggest that the fibrino-
lytic system and matrix metalloproteinases participate in B.
burgdorferi migration through the BBB model.

In summary, B. burgdorferi depends heavily on matrixolytic
enzymes secreted not by the spirochete itself but by its host (8,
33). These enzymes include the enzymes associated with the
fibrinolytic system and metallopeptidases (e.g., MMPs) in par-
ticular. Thus, we hypothesized and showed that B. burgdorferi
induces the expression of plasminogen activators and MMPs.
These enzymes linked by an activation cascade may lead to the
focal and transient degradation of tight junction proteins that
allows B. burgdorferi to invade the CNS, yet our preliminary
experiments indicated that B. burgdorferi cells could bind via
their tips prior to crossing the in vitro human BBB model (data
not shown) and that they did so without evidence of break-
down of the BBB integrity based on endpoint Endohm TEER
measurements. The TEER and permeability data are consis-
tent with what has been observed in vivo; i.e., unlike what is
seen in purulent bacterial meningitis, B. burgdorferi infection
usually causes aseptic meningitis in which the permeability of
the BBB is not substantially altered (18).

While the failure to see a generalized loss of tight junctional
integrity could indicate that B. burgdorferi enters the brain via
transcytosis across endothelial cells, tight junctions are main-
tained after paracellular transendothelial migration of large
cells, such as monocytes (28) and neutrophils (4). A critical
investigation of the phenomenon linking morphological meth-
ods (i.e., immunoelectron microscopy) with sensitive real-time
TEER measurements (i.e., electric cell-substrate impedance
sensing [42]) during the course of spirochete interaction with
human BMEC is required before a concrete determination
concerning the mechanism of spirochete BBB traversal can be
made.

Our in vitro model of the human BBB mimics many of the
important features of in vivo B. burgdorferi interactions with
the BBB. Hence, this model should be an important tool for
identifying the cellular and molecular elements implicated in
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B. burgdorferi interactions with the BMEC, as well as for help-
ing characterize the biochemical mechanisms by which the
bacteria cross the BBB. It may also help identify possible
targets for intervening in the transmigration of the Lyme dis-
ease spirochetes into the CNS.
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